Over the last two decades, metal-organic frameworks (MOFs) have received great attention and the number of compounds reported is still growing, which is mainly due to their amazing structures and various pore topologies, accessible cages and their potential applications in different fields, such as gas storage, separation, ion-exchange and catalysis. Among these, ion-exchange processes are considered as the post-synthetic parturient technique as it can achieve dominant applications. There are two primary types of ion-exchange processes (anionic and cationic) and each type may use naturally occurring and synthetic materials. The cation-exchange process at the SBUs of MOFs and metalexchange involving metal nodes in MOFs, have been previously reported. In this study, we attempt to
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their compounds being synthesized is still growing.
1-3 A wide branch of supramolecular compounds is "coordination polymers". CPs are obtained from the coordination bonds formed between metal centers and appropriate ligands. 4 CPs offer signicant advantages over conventional molecular compounds due to their very low solubility in conventional organic solvents and water and much higher thermal stability. 1, 5 Recently, CP nanocrystals, with nite repeating units, have aroused a growing interest due to their particular properties that differ from the conventional bulk CP. [6] [7] [8] [9] As the prototype of polymeric crystal engineering, CPs are an intriguing class of hybrid materials, which exist as innite crystalline lattices extended from inorganic vertices (metal ions or clusters) and organic ligand struts via coordination interactions. 10 The structure and properties of coordination polymers depend on the coordination habits and geometries of both metal ions and connecting ligands. 11, 12 Metal coordination polymers represent an important interface between synthetic chemistry and materials science. 13 Metal-organic coordination polymer is a general term used to indicate an innite array of metal ions linked by coordinated ligands. 13 A coordination compound is any compound that contains a coordination entity. A coordination entity is an ion or neutral molecule that is comprised of a central atom, usually that of a metal, to which is attached a surrounding array of atoms or groups of atoms, each of which is called a ligand.
14 This is a general term that incorporates a wide range of architectures including simple one-dimensional chains 15 with small ligands to large mesoporous frameworks like metal-organic frameworks. 16 The diversity in both the focus and scientic basis of the researchers involved has led to numerous terminology suggestions and practices for this class of compounds and several subgroups within them. While "coordination" seems entirely reasonable to use at this level, a generic term describing both 2D-and 3D-coordination polymers namely "coordination network solids" may be useful. 17 Porous metalorganic frameworks are zeolite analogues with constant porosity and adsorption capacity. 18 In the formation of MOFs, several parameters are involved, such as the metal and its coordination possibilities, the nature of the counter anion, the metal-to-ligand ratio and exibility of the organic building blocks. 19 MOFs have attracted a substantial amount of attention because of their unique properties as highly tailorable microporous materials 20 and their applications in gas sorption, [21] [22] [23] catalysis, [24] [25] [26] [27] separation, 28, 29 drug delivery, 30, 31 and the synthesis of nanomaterials. [32] [33] [34] Ion-exchange is one of the interesting properties of anionic or cationic MOFs that do not have neutral frameworks. [35] [36] [37] [38] To date, two bunches of exchange that occur in the metal nodes and secondary building units (SBUs) of MOFs, have been studied. In the rst group, metal-exchange involving metal nodes and metalated struts in MOFs has been reported. Their discussion focused on the system where metal cations are exchanged directly in the node (Fig. 1) . 39 The other group studied the cation-exchange occurring in the SBUs of MOF's. They also limited their discussion to the substitution that occurs at the SBUs and not in the pores. 40 In addition, both of them studied cation-exchange, while the ionexchange that occurs at MOFs is not conned to cationexchange. Recently, post-synthetic exchange (PSE) of MOFs through the metathesis of organic linkers has been discovered, as well as metal ions in the SBUs of MOFs (Fig. 2) have been revealed. 41, 42 Similar cation and anion-exchange reactions with nanoparticles and other inorganic materials have been apperceived; however, the observation of a likewise phenomenon in MOFs is relatively novel. 43 There are two primary types of ionexchange, organic and inorganic. Most inorganic ionexchanges occur in small pore sizes and thus, the kinetics of the ion-exchange is slow, though organic exchangers, such as polymer resins, display rapid ion-exchange. In the other aspect, ion-exchange can be divided into cationexchange and anion-exchange. This study outlines the available observations of all types of exchange that occurs in the pores of MOFs and the general trends and future studies can be outlined. We organized the data around cation-exchange and anion-exchange. All known examples of substitution in the MOFs pores and relevant details are reported. We also note that we have limited our discussion to the exchange that occurs in the pores and not at the SBUs or nodes. In addition, we focused on the applications that have been attained through ionexchange, such as the separation of gases, catalysis, adsorption and luminescence properties. A comparison between MOFs has also been carried out in these cited cases via ion-exchange. Ion-exchange has already yielded some amazing results and new materials that have not been accessible otherwise, but the limit of its use for architecting new MOFs in a systematic and predictive manner depends on understanding its mechanism. This tutorial review is envisaged to provide a blueprint towards this goal.
Ion-exchange in metal-organic frameworks
To prepare metal-organic frameworks, a wide range of metal centers and multi-purpose organic ligands, which can be betted for ion-exchange have been used. 45 If we can predict which MOFs are capable to ion-exchange, it will become a logical tool for synthesizing new materials with targeted properties. When the factors that generate exchangeable ions in the pores are elucidated, particular materials may be selected for ion-exchange including cation-exchange and anionexchange, and their exact compounds may be designed. In this section, we classify two branches of ion-exchange based on their examples, reported cases and their applications.
Anion-exchange
In this content, it has been well known that the counter ions can play an important role in the coordination interactions 46 and for MOFs that have cationic coordination frameworks, the anions are generally included for charge balance and/or serve as templates in the empty spaces available. As a result, the anionexchange properties for such MOF materials have been extensively investigated (Fig. 3) . 47 In addition, if a neutral open framework can be oxidized, it will contain free counter anions in the channels or pores, which may be applied in anionexchange materials. 35 
Early examples of anion-exchange.
A neutral framework can be oxidized and then applied in anion-exchange materials. In this case, (BOF-1,1) (1) has been reported. (BOF-1,1) (1) was assembled from a bismacrocyclic nickel(II) complex and (Na 3 BTC). The researchers carried out a redox reaction on 1 using I 2 to change the function of BOF_1 from guest recognition to ion-exchange reaction with I 2 , two-thirds of the nickel(II) ions contained in the framework of 1 were oxidized to low spin nickel(III) and the I 2 molecules were reduced to I 3 À anions, which were included the pores of the framework (Fig. 4) .
The redox reaction was performed to obtain a positively charged bilayer framework including free counter anions and the resulting product was applied to anion-exchange. 48 This compound is comprised of exchangeable free I 3 À anions located in the channels.
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As another example, a new MOF with zeolite topology, constructed from a tetrahedral building block, has been reported. The novel open-framework metal-organic polymer was [{Cd(H 2 O) 3 Several dipyrromethane (dipyrrinato, diprrin) coordination complexes that are generally used to prepare the structures found in a class of organic ligand MOFs reported before, 51 have been described by X. Z. Kiang et al. In addition, they have reported a more executive and systematic investigation of these dipyrin-based metalloligand systems describing 14 new MOF structures. The topology generated upon the formation of the MOFs was found to be robust in certain cases, as demonstrated by anion-exchange. Among the 14 new MOFs, anion-exchange of (MOF-Co/AgBF 4 -1) (3) and (MOF-Co/AgoTf-1) (4) has been investigated. Crystals of 4 were grown according to the procedures used to prepare 3. Once single crystals were formed, the mother liquid was removed and replaced with a solution of tetrabutylammonium tetrauoroborate quickly. An identical experiment was performed using MOF 4 and tetrabutylammonium hexauorophospate. In this case, the PF 6 À anion was exchanged. The ability of the large PF 6 À anion to completely replace the triate anion in 4 strongly suggests that the template effect observed in this MOF was not exclusively due to the size of the anion. In their experiment, during the anionexchange process, no change in crystal morphology or stability was observed. The PF 6 À anions occupy the same positions in the crystal lattice as the displaced triate anions (Fig. 5 ).
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A novel polymeric coordination complex [Ni(timpt) 2 ](ClO 4 ) 2 (5) has been synthesized via a solvothermal reaction using a template ligand with Ni(ClO 4 ) 2 $6H 2 O by Sh. Y. Wan and coworkers. The anion-exchange of this MOF is another studied case. Their research was the rst example of a self-penetrating MOF that was established from a exible three-connecting ligand. The powder of this MOF was suspended in an aqueous solution of NaNO 3 to allow possible anion-exchange process to occur. Both bands of NO 3 À and ClO 4 À anions have similar intensities. Among the anion-exchange, the ClO 4 À anions in the complex were exchanged with NO 3 À anions. The anionexchange was also carried out using NaBF 4 and the same partial anion-exchange was observed.
53
Reversible anion-exchange of porous MOFs has also been studied. Two novel new rigid tripodal arene core based nitrogen ligands have been synthesized and used in the synthesis of {[Ag 3 (1,3,5- 
). The counter-ions located in the cationic frameworks can be exchanged reversibly. This observation indicates that these MOFs can act as zeolite-like porous materials for anionexchange. The powder of the rst MOF was suspended in water containing excess NaNO 3 . The uncoordinated ClO 4 À ions exchange with the nitrate ions. To indicate the reversibility of the anion-exchange process in more detail, the exchanged solid was suspended in an aqueous solution of NaClO 4 . It is very important to conrm that the anion exchange occurred in the solid state. Their experiments display the anion-exchange of this MOF occurs completely through the entire porous structure and was not just a surface phenomenon. The reversible anionexchange for the second MOF was also carried out in the same way.
54
Another study on selective anion-exchange properties has been recognized for a series of 3D microporous Cu coordination polymers. Their research describes a novel 3D MOF {[Cu(2-(2-pyridyl)) 2 ](ClO 4 )(H 2 O) 1/2 } n (8) and an unusual anion-exchange was observed for this material. In this case, the crystalline sample of MOF was suspended in an aqueous solution of NaX, where X represents the anion to be used in the exchange process. Notably, the ClO 4 À in the MOF can be completely replaced by C 6 H 5 COO À . They also reported that the inverse anion-exchange reaction cannot be observed upon mixing the exchange product and NaClO 4 ions probably inhibits the complete anion-exchange with OH À ions.
56
The last example involves the preparation of MOF [M(bdiketone) 3 Ag 3 ]-X 2 $solv (10). The most promising property of this network relies on its ability to exchange the anions present and 12 indicate ion-exchange behavior when treated with saturated aqueous solutions of NaNO 3 and KNO 3 . The ionexchange occurs with a color change from colorless to pink (Fig. 6 ). This means that the HDMA + cations within the channels of 11 and 12 can be replaced by the Na + ions in solution.
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In another case, the rst example of a microporous MOF was reported by J. Yu and co-workers. The reaction of H 3 BTB and InCl 3 in N,N-dimethyl formamide/1,4-dioxane/H 2 O afforded colorless crystals of (HDMA) 3 . They examined the potential of 13 to encapsulate different pyridinium hemicyanine chromophores to expand non-linear optical MOF materials (Fig. 7) .
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Four new MOFs based on exible V-type tetracaboxylate ligands have been synthesized by Sh. Xiong and co-workers. On 
67
The synthesis of a gallium-based MOF [Ga 6 (1,3,5-BTC) 8 - (17) is another example that has been regarded in this context. This MOF contains an anionic porous network. Disordered positively charged ions and solvent molecules are present in the pores. A porous anionic framework capable of ion-exchange is a potential precursor for adding alkali-metal cations into the pores. 68 These positively charged molecules can be exchanged with alkali-metal ions. Saturated solutions of LiNO 3 and NaNO 3 in DMF were separately added to the compound. Accordingly, the Li + and Na + ions were displaced. These results have conrmed that the presence of the cationic species within the pores make the MOF a suitable candidate for ion-exchange studies with alkali metal cations.
69
Other compounds that have anionic frameworks are zeolitelike metal-organic frameworks (ZMOFs). (20) and it's ion-exchange processes, in order to explore the potential application of this novel material, have also been investigated. They have displayed the ion-exchange of 20 in two branches: (i) metal cation-exchange: the Na + -exchange Rho-ZMOF was introduced; the ion-exchange data showed that the organic cations in the pores can be completely exchanged in an aqueous solution at room temperature. In addition, the Na + - ). The separation process based on size-and charge-selective ionexchange was mainly observed in the solutions containing two different dyes. Such selective anion-exchange, controlled by the structural characteristics of the MOFs, is advantageous and complementary to conventional ion-exchange resins because of its suitability for molecules within the $100 Da < M w < $1000 Da range. Furthermore, the controlled release of guest anions make these P-MOFs potential candidates for use as drug carriers. The reticular synthesis and the large number of possible MOF structures make it possible to build an extensive library of hosts that can be used for guests (anionic in particular) of different sizes.
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In another study, a uorene-based Cu(II)-MOF has been reported as a visual colorimetric anion sensor and separator based on anion-exchange [CuL 2 (H 2 O) 0.5 ](NO 3 ) 2 (23) . The anionexchange of this compound has also been studied. During the exchange, the NO 3 À anions can be replaced by other anions, such as: Cl À , Br À , I À , SCN À and N 3 À . The compound displayed a change in color as illustrated in Fig. 8a . Compared to anion-exchange, the anion selectivity, catching a particular anion in the presence of other anionic competitors, is a more important task. As illustrated in Fig. 8b , the trigonal planar NO 3 À anion in compound 23 can be replaced by both spherical halide anions Cl À , Br À and I À , and linear triatomic anions SCN À and N 3 À , and therefore they envisioned that the compound can be used an anion separator to separate anions with similar geometry.
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The separation of anions from aqueous mixtures is another novel approach in this case. R. Custelcean, et al. presented a new approach for the separation of anions from water by their selective crystallization within MOFs functionalized with urea hydrogen-bonding groups. One of the separation approaches that has been studied is the anion-exchange of ZnCl 2 (BPu) (24), ZnI 2 (BPu) (25) , etc.) have been observed in water. 75 They have been a focus of concern because they cause serious damage to human health and the environment, which is a worldwide problem that is listed as a priority by the U.S. Environmental Protection Agency.
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Recently, a few three-dimensional cationic MOFs , conrming its discrimination against halide ions. Generally, the release of pollutant anions is more difficult due to the strong interaction between the metal oxo-anions and cationic frameworks. 91 However, 57% and 25% CrO 4 2À in 27 can be released upon immersion in solutions of K 2 CO 3 and Na 2 SO 4 , respectively, and no release in other NaX solutions (X ¼ NO 3 O (28) . Unlike the strong affinity of LDHs for carbonate, 28 selectively trapped these problematic oxo-anion pollutants in record levels over all the previously reported materials. The mechanism of the high selectivity and adsorption capacity occurs via a crystal transition upon oxo-metal uptake. For a detailed investigation of the anion uptake capacity of 28, permanganate and perrhenate were chosen as models for pertechnetate since all are group 7 oxoanions. The as-synthesized 28 was introduced into a solution containing KMnO 4 . In addition, the anion exchange reaction with commercially available synthetic hydrotalcite (magnesium aluminum hydroxycarbonate, Aldrich) in both the uncalcined and calcined form was carried out; aer 48 h of exchange under the same conditions as in the case of 28, only 3% and 18% of the anions were adsorbed by the LDHs, respectively. The reason for the greater uptake by their material was due to crystal transformation by the host and the stability of the oxoanion in the resultant structure, rather than a typical equilibrium-driven anion exchange. The as-synthesized 28 may also be used for anion exchange with a much higher adsorption capacity based on a stronger interaction towards the oxo-anion pollutant displayed by the resulting crystal structure, which can be seen to take the place at each end of the EDS molecule. The incoming permanganate anion plays a crucial role in high capacity trapping by forming a thermodynamically favorable crystal structure. Indeed, the same structure is formed if the nitrate-or perchlorate-containing version of 28 is used as the starting material. In order to further demonstrate the potential application of 28 towards pertechnetate abatement, perrhenate was also investigated. The resultant exchange solution was monitored only by ICP due to the overlap between EDS and perrhenate in the UV region. concentration was observed, and no further decrease in the anion concentration was detected aer 10 h and 18 h. Release tests were also carried out to evaluate the regeneration ability of the ion-exchanger. For 29, the samples were centrifuged, rinsed with water and dried in air aer being submerged in a solution of dichromate. Then, the solid was placed in the same volume of solution in the presence of nitrate. Such a trapping and release process was performed for ve continuous cycles and 29 still retained an approximately 87% release efficiency. Generally, it was understood that the release of the pollutant anions was more difficult due to the strong interactions between the metal oxo-anions and the cationic framework. . They believed that the anion exchange process lead to the occupation of the positions of the free sulfate ions (aligned in the porous channels) by Cr 2 O 7 2À ions. The group suggested that this swap was possible because one-half of the dichromate ion has a tetrahedron like geometry, even though the entire ion itself is not tetrahedral in shape. The other half of the dichromate anion could then reorganize itself in the free space as the anion position is directed towards the pore. In addition, to test 88 To investigate the catalytic inuence of anion-exchange, the oxidation of diphenylmethane catalyzed by 34 and 35 was investigated (Fig. 10a) . The conversion to benzophenone was higher for 35 than 34 under similar conditions. The results showed that anion-exchange increases the catalytic activity of MOFs considerably. 89 Heterogeneous catalysis has been investigated in this branch. In this prospect, reversible anion-exchange and the catalytic properties of two cationic MOFs based on Cu(I) and Ag(I) have been studied. The reported MOFs are SLUG-21 (28) and SLUG-22 (36) . Both of them show reversible anion-exchange between organosulfonate and various inorganic species. As primary examples of exchange, they have focused on several inorganic anions, such as the oxo-anions of several metals, nitrate and perchlorate. As a nal example of pf anion-exchange capability, they investigated 28 for permanganate and perrhenate trapping. Compound 36 was also employed in the same exchange reaction with nitrate and perchlorate to gain insight into the structure-activity properties. Cationic MOFs are potentially useful for heterogeneous catalysis due to their positive charge compared to the majority of the reported MOFs. The group found that these two materials are catalytically active in heterogeneous ketal formation. Ketalization is an important method to support carbonyl groups in organic synthesis and drug design. 90 The reaction needs a Lewis acid catalyst to activate the oxygen of the carbonyl group, which permits glycol to replace the ketone group. Ketalization of 2-butanone, 2-pentanone and benzophenone by ethyl glycol was performed for both 28 and 36. Fig. 10b . Such an adsorption/desorption behavior clearly shows that 34 is exible, making the solid able to adapt to the inclusion of MeOH guests. Interestingly, the physisorption isotherm of MeOH of the NO 3 À -exchanged material is quite different from that of 34 (Fig. 10c) . In comparison, the fast initial adsorption shows that 35 possessed intrinsic microporosity because the relatively smaller sized NO 3 À anions could not completely block the channels as found in the case of SiF 6 À anions. The EtOH physisorption of 34 and 35 ( Fig. 10d) was somewhat similar to the MeOH uptake.
The results suggest that anion-exchange changes the cavity size so that EtOH uptake is blocked for 34 but allowed for 35. The luminescent spectra were recorded for the Eu 3+ complex in the solid state. The anion-exchange and luminescent studies displayed the important potential of using such highly connected lanthanide MOFs as porous and optical materials. (Fig. 11a) .
The anion-exchanged materials demonstrated amazing anion-dependent luminescent behavior (Fig. 11b) . As a result for the anion-exchanged compounds of type A, a high enhancement of uorescence was observed and on the other hand, for the anion-exchange compounds of type B, uores-cence quenching was observed.
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Compound 27 was introduced by P. F. Shi . 78 The effect of anion-exchange on the luminescence properties was also explored using compound 31. 31 emitted a blue-violet light under UV irradiation, whereas the 31$Cr 2 O 7 emission was almost invisible to the naked eye. The solid-state emission spectrum of 31 at room temperature displayed a broad emission band centered at 450 nm upon excitation at 345 nm, a value that was in agreement with the emission observed under UV irradiation. The emission may be attributed to ligand-tometal charge transfer (LMCT) transition. 94 However, the luminescent emission was largely suppressed aer the exchange of ClO 4 À with Cr 2 O 7
2À
. a color change of the crystals from colorless to yellow. Importantly, the structural features of the network remain unchanged upon anion-exchange. More interesting is the observation that the slow magnetic relaxation is preserved aer POM incorporation. Finally, in the interest of these magnetic frameworks in molecular magnetism, the scattering of the POMs inside the big cavities, prepared by this porous structure, leads to solids in which the POMs present an extraordinary surface area.
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In another case, the rst example of highly efficient iodine enrichment based on a Cd(II)-triazole MOF via an ion-exchange approach was reported. The report was about [Cd(4-amino) 2 with acetylene and carbon dioxide, whereas the interactions with nitrogen and methane are negligible. Notably, at low temperatures (T < 286 K), acetylene was more tightly retained by the A@42 frameworks compared with carbon dioxide. At higher temperatures (T > 286 K) the reverse situation was found, with C 2 H 2 being eluted before CO 2 . They also studied the effect of ion-exchange on the separation selectivity towards benzene/cyclohexane mixtures. In the case of the original NH 4 @42 sample, the composition of the adsorbed benzene/cyclohexane phase reaches a 5 : 1 ratio, already showing a clear enrichment in the benzene component. This is further substantiated in the case of the Et 3 NH@42 and Li@42 materials with benzene/cyclohexane ratios of 8 : 1 and 12 : 1, respectively. The increased selectivity of the Et 3 NH@42 and Li@42 systems is related to the increasing bulk of the Et 3 (46) . The research group also indicated that cation-exchange within this anionic framework creates unusual pore partition effects on gas separation (CO 2 /N 2 ). The results revealed that 46 with the smallest pores and volumes may be better suited for separating CO 2 over N 2 and showed the highest selectivity of 106.8 during CO 2 /N 2 adsorption. Finally, they reached the conclusion that ion-exchange using organic cations to tune the pore space for gas separation is a promising course for the improvement of new functional MOFs materials. (56) during the experiments. Using this strategy, they were able to prepare cation-exchanged anionic MOFs as a novel heterogeneous catalytic system for the solventfree Knoevenagel condensation reaction between benzaldehyde and malononitrile. The catalytic activity of the compound 51 apohost framework was studied. They thought that the catalytic activity of 51 was as a result of its anionic framework. Thus, in order to examine this idea, the activated samples of 52, 53 and 54 aer the post-synthetic exchange were studied too. The obtained results showed that the catalytic activity decreased in the order of 51 > 54 > 53 > 52. As it was clear, the ionization potential decreased in the following order: Ni 2+ > Li + > Na + > HDMA + .
Therefore, by increasing the ionization potential of the cations in the channels of 51, the acidic properties of the metal ions increased and the basic properties of the anionic framework decreased. In order to conrm this supposition, they performed cation-exchange processes of HDMA + with the larger organic cations of 55 and 56. The experiment proved this hypothesis too and indicated that the catalytic activities decreased in the order of 56 > 55 > 51. Consequently, they showed that with a simple post-synthetic cation-exchange in anionic MOFs, some new solids with different catalytic activities were produced.
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In this section, another novel application of these anionic MOFs as heterogenous catalysts is introduced. S. Beheshti et al. were able to prepare a cation-exchanged anionic MOF as a new heterogeneous catalytic system for the solvent-free Micheal addition of pyrrole to electron-decient b-nitro styrenes. In this case, using cation-exchange as post-modication in the anionic MOF, [ 
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A more detail study has been carried out in this case. Herein, they illustrated a systematic study of the solvothermal conditions used for optimizing the synthesis of the two mentioned ZMOF structures (Rho (59) and Sod (60)). Both the Rho and Sod ZMOF materials were prepared basically following the procedure published elsewhere, in which (H 3 ImDC), In(NO 3 ) 3 $XH 2 O, (DMF), CH 3 CN, (HPP), and HNO 3 were consecutively added to obtain a mixture. These materials were exchanged with Li + , Na + , K + and Cs + cations. The H 2 sorption of the as-prepared and . In order to detect the gas sorption properties of 68, the extra framework cations present in the as-synthesized compound were fully exchanged with DMA cations. Gas sorption experiments were performed on DMA-exchanged 68 and the fully evacuated framework exhibited permanent microporosity. H 2 sorption studies were also performed and the results showed a relatively enhanced isosteric heat of sorption at lower loadings that can be related to the charge nature of the cavities.
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We have already discussed the gas separation of [HDMA + ] 3 [(Cu 4 Cl) 3 -(btc) 8 ]$9DMA (43) . Another application of this MOF that has been reported aer ion exchange is gas adsorption. Cation-exchange within the anionic framework created unusual pore partition effects on the gas adsorption (N 2 , CO 2 or H 2 ). The H 2 adsorption observed for the MOF and exchanged-MOF was measured. The authors noted that the H 2 adsorptive dependence on the framework was not just concerned with the surface area, but was also concerned with the suitable pore volume.
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The last example, examined by us, was the MOF materials . The organic cations within the as-synthesized materials could be exchanged with Li + ions (Fig. 14) . The gas adsorption of H 2 and N 2 has been studied in detail. Thus, an increase in the H 2 capacity and overall porosity were observed on going from the desolvated MOF incorporating HDMA + cations to desolvated MOF incorporating Li + . They also demonstrated that by varying the pore gate and the isophthalate-based bridging ligand, the desolvated framework materials display either non-porous, or hysteretic, or reversible N 2 sorption properties, respectively. The group thus reported that the desolvated Li + -exchanged framework materials did not show adsorption/desorption hysteresis with H 2 , Carbon dioxide adsorption. The CO 2 adsorption properties are another application considered via cation-exchange. Our studied paper is about Bio-MOF, Zn 8 (ad) 4 (BPDC) 6 0.2HDMA (70) and the replacement of its HDMA + cations with other organic cations such as TMA, TEA and TBA. The researchers also demonstrated that the post-synthetic exchange of the extra framework cations within the anionic Bio-MOF-1 can be used as a means to systematically modify its pore dimension and metrics. They efficiently used this strategy to optimize its CO 2 adsorption properties. To determine the effects of the pore modications on the CO 2 capacity of this MOF, they studied the CO 2 adsorption of 70 and the exchanged MOFs. They interestingly animadverted on the contemplation that the CO 2 capacity of the MOFs did not depend on the pore volume and BET surface area. At all the temperatures studied, compound 70 showed the lowest CO 2 capacity compared to the exchangedMOFs. They found that TEA@70 had the largest CO 2 capacity at each temperature and TBA@70 was nearly as effective as TMA@70. It was notable that TBA@70 was a more effective CO 2 sorbent than 70, even though its pore volume and surface area were almost half as large.
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In the group of ZMOFs, CO 2 adsorption has been obtained for the Sod topologies only. A research group that published their results in this case, reported that ion-exchanged sodZMOFs (71) by alkali-metals resulted in improved CO 2 adsorption performance compared with the as-prepared ZMOF. In this study, ion-exchange of 71 by different alkali metals such as Li + , Na + , K + and Cs + cations was carried out to study the effects of ion-exchange alkali metal on CO 2 adsorption. As a result of their experiments, they reported that all the ion-exchanged 71 samples displayed improved CO 2 adsorption capacity over the as-prepared sample. The highest CO 2 capacity was achieved by K + -sod-ZMOF (72). They concluded that the CO 2 adsorption capacity in ion-exchanged sod-ZMOF appeared to depend not only on the size and charge of the balancing cations, but also on the dispensation of the cations located in the framework structures. (64) were discussed in the previous section on H 2 adsorption. N 2 adsorption has been also considered using these materials. By replacing the HDMA + cations with Li + ions, both of the channels released and accordingly, the adsorption of N 2 in NOTT-207 showed a typical type-I isotherm with little hysteresis. Therefore, using a combination of Li + with NOTT-207, the internal surface area became fully available for N 2 uptake. Modulation of the gas adsorption properties with different pore gates in NOTT-MOF materials has been nally demonstrated (Fig. 15 ).
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Another MOF that has been introduced and explicated N 2 adsorption is compound 34. We have previously discussed its gas separation properties and the gas adsorption application of this MOF is now considered. In the mentioned study, N 2 adsorption measurements were performed on the exchanged systems and the results showed changes in the adsorption isotherms due to the ion-exchange processes. Indeed on going from NH 4 + to Et 3 NH + , a lowering of the adsorption capacity and pore surface was observed. with smaller Li + cations in this ZMOF was demonstrated. In addition, gas adsorption experiments were performed on the Li + -exchanged sample. The result of the experiments demonstrated that the Li + -exchanged and fully depleted sod-ZMOF, displaying permanent microporosity, as evidenced by the reversible type I N 2 and Ar adsorption isotherms. The dual character of ZMOFs, anionic frameworks and/or containing large accessible cavities, forms a suitable platform to evaluate the effect of pore size and/or intra-/extra framework charge density on the hydrogen uptake and its sorption energetics. Accordingly, hydrogen sorption studies were conducted on both compounds at 78 and 87 K at atmospheric pressure using this compound 73.
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A zinc-based MOF {(HDMA) 2 [Zn 3 (BDC) 4 ]$DMF$H 2 O} (74) was synthesized by a research group and its cation-exchange processes and N 2 adsorption isotherms have been investigated. In order to study the cation-exchange process in a crystalto-crystal transformation, initially they examined the stability of the compound's crystallinity in various solvents; however, the MOF only retained its crystallinity in DMF. A post-synthetic cation-exchange process of the MOF was carried out using Cu 2+ (75) (79), which represent the rst MOF constructed from V/alkali metal mixed metal-oxo clusters. The effective free volumes of these compounds and their high architectural stability actuated the research group to follow cation-exchange experiments. The organic amine cations within the channels can be replaced by transition metal ions through a cation-exchange process. The Cu(II) ion was used as a suitable probe for the exchange experiments considering its size, stability and instinct. An N 2 adsorption measurement was subsequently carried out for the fully activated sample of sod-ZMOF, which was achieved by dipping the crystals in Cu 2+ ion-containing acetone for 12 h, followed by heating at 80 C for 12 h in a vacuum. (81) . The methane adsorption capacities of all of these materials were also measured. The results showed an increase in the CH 4 adsorption capacity going from 51 to the last MOF (81), and Li + -exchanged MOF (54) with the highest surface area had the highest methane adsorption capacity. Nevertheless, it was noted, by postsynthetic cation-exchange of 51 with some metal ions and particularly with Li + , that we can successfully modulate the surface area and methane adsorption capacity. Another interesting result was reported that K + -exchanged MOF (81) did not have any available pores for the adsorption of methane. On the other hand, the lowest N 2 gas sorption in 51 and the same surface area of 51 and 81 indicated that the MOF material of 51 did not allow N 2 gas molecules to enter its channels, but the channels in 51 showed different behavior upon facing methane gas molecules and showed a low CH 4 adsorption capacity. Therefore, the HDMA + cations in 51 act as a gate in an opposite way to N 2 gas molecules, permitting the CH 4 gas molecules to enter their channels. and 84 bring an extra interaction with the adsorbed molecules, which leads to a signicant enhancement in adsorption. At the end of the study, it was reported that 83 displays the best adsorption for VOCs. In addition, the data obtained from N 2 adsorption studies were also reported in their work, and an increasing adsorption capacity of 82 upon K + -exchange was suggested.
117
The selective adsorption of dyes via ion-exchange is also notable. The organic cations in 85 can be exchanged with cationic dyes due to the anionic framework. The results of the paper suggest that the dye molecules in dye@85 can be gradually released in the presence of NaCl. Therefore, releasing the dyes were an ionexchange process in this study. (Fig. 16) . To examine the result of a low crystallinity on the SHG intensity of the host framework by cation-exchange, the group replaced Na + ions in the exchanged sample (low crystallinity) by the [HDMA] + species again. The reexchanged product was also found to show low crystallinity, but displayed a powder SHG intensity. Therefore, the decrease in the crystallinity of the host framework had no apparent effect on its SHG behavior and the change of the SHG intensity on cationexchange may be a cation-dependent phenomenon.
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The last application of ion-exchange processes that has been noticed in our study is in two-photon-pumped dye lasers, which are very important because of their various applications. J. Yu and co-workers connected them to cation encapsulation in an anionic MOF. Generally, they demonstrated a new two-photonpumped micro-laser by encapsulating a cationic pyridinium hemicyanine dye into an anionic MOF. Thus, Bio-MOF-1 (Zn 8 (Ad) 4 (BPDC) 6 O$2HDMA) (99) was synthesized, in which the HDMA + cations were located in the channels that allowed the introduction of the cationic dye DMASM via an ionexchange process. On the other hand, most of the HDMA + cations in the as-synthesized 99 were replaced by the DMASM cations in 99 Â DMASM (Fig. 17) . The enhanced uorescence of 
Conclusion
Metal organic frameworks (MOFs) constitute an important eld of study due to their ease of synthesis and high surface areas in certain cases. Moreover, a wide range of MOFs can be employed to exhibit various abilities, which are because of their construction. MOFs include a framework with different materials in their channels. These frameworks can be anionic, cationic or neutral. In some cases, various ions ll the channels, which can be exchanged with other organic or inorganic ions. Therefore, the synthesis, characterization and ion-exchange properties of MOFs have become important elds of study. Thus, for improvement in this eld of study, it is necessary to reach a better understanding of these materials and their ionexchange mechanisms. In this study, we have summarized most of the reports on ion-exchange experiments that occur in the pores of MOFs reported to date. There are two types of ionexchanges (cation-exchange and anion-exchange) that we have discussed separately. Active cations have been successfully introduced into a series of anionic MOFs via cation-exchange reactions. Zeolite-like MOFs (ZMOFs) also have an anionic framework and remain in this group. ZMOFs include two topologies that have been named Rho and Sod. Most of the cation-exchange processes are observed in the Rho-topology. We also conclude that metal ions with higher charge and coordination numbers are more susceptible to construct cationic metal-ligands framework. The selectivity of this exchange depends mainly on the size of the pore openings, the electrostatic interactions between the anionic framework and the cationic guest and nally the concentration of the ions in solution. In addition, cationic frameworks exhibit anionexchange in their pores too. One important observation is that several experiments described represent a certain single-crystalto-single-crystal transformation. Another important observation is that most of the experiments indicate anion-exchange against the generally reported trends for anion coordinative ability. Discussing the important applications that appear aer the exchange process is another important part of this study. For both, cation-and anion-exchange, we classied these applications to ve groups: separation processes, catalytic properties, adsorption, luminescence properties and others. In regard to anion-exchange, we noticed that MOFs have also been studied for the removal of hazardous organic materials from water. These compounds have attracted a considerable amount of attention due to their high surface area, uniform pore size, controllable structures, and tailorable functions. These cationic coordination compounds can serve as promising anion exchange materials through the selective exchange of charge balancing anions in the framework with other anions, leading to tunable changes in their physical properties. The chargebalancing anions usually occupy the framework voids and are sometimes just weakly coordinated or even uncoordinated to the metal centers, potentially allowing the capture and separation of anions through anion exchange. Because of these reasons, there are some examples of separating different anions from water that we collected in our study. Moreover, comparing cation-exchange with anion-exchange, we have shown that the adsorption of different gases with only the anionic framework has been observed and this was due to their cation-exchange experiments. In this context, H 2 and N 2 were used for further experiments. In the subject of H 2 adsorption, the efficient frameworks that have been utilized several times were RhoZMOFs, whereas, the Sod-topology of ZMOFs were only used for CO 2 adsorption. A wide range of gas adsorption was observed in the case of the exchanged materials bearing Li + cations. The subject of CH 4 adsorption has a few reports published to date and it has ambient reportage. Working on more applications, particularly the gas adsorption of the exchangedmaterials of MOFs, can be worth aspiring to. It seems that post-synthetic ion-exchange and the cation-exchange process are suitable methods for modulating the properties of metal organic frameworks. 
